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[3,17-23]. Thus, conserved viral proteins such as CA can
be a promising antigen for vaccine-based CTL induction
toward HIV control.

We previously showed vaccine-based control of a
simian immunodeficiency virus mac239 (SIVmac239
[24]) challenge in a group of Burmese rhesus macaques
possessing the major histocompatibility complex class I
(MHC-I) haplotype 90-120-Ia [19,25]. Gagspe.-216
(IINEEAADWDL) epitope-specific CTL responses play
an important role in this control and select for a CTL
escape mutation, Gagl216S, leading to a leucine (L)-to-
serine (S) substitution at the 216th amino acid (aa) in
Gag (CA) with the cost of viral fitness [26]. However,
90-120-Ia-positive vaccinees failed to control a challenge
with another pathogenic SIV strain, SIVsmE543-3 [27],
that has the same Gagao6.216 €pitope sequence with SIV-
mac239; Gagype-216-specific CTLs did not show
responses against SIVsmE543-3 infection due to an
aspartate (D)-to-glutamate (E) change, GagD205E, at
Gag residue 205 [28].

Thus, the GagD205E substitution in SIVmac239 could
result in viral escape from Gagsge.216-specific CTL
recognition. However, in our previous analyses of 90-
120-Ia-positive animals eliciting Gagyog.216-specific CTL
responses for one or.two years postchallenge, we
observed selection of GagL216S, but not GagD205E
mutation in SIVmac239 infection, suggesting a possibi-
lity that the GagD205E substitution results in larger
reduction of viral replicative ability than GagL216S. In
the present study, we first constructed a mutant SIV-
mac239, SIVmac239Gag205E, with the GagD205E sub-
stitution and examined its replication ability in vitro.
We found that this amino acid change in the CA NTD
results in loss of viral fitness, which can be recovered by
an additional amino acid change in the CA CTD.
Further analyses presented in vitro and in vivo evidence
for a structural constraint in the functional interaction
between SIV CA NTD and CTD.

Results
Compensation for loss of viral fitness in
SIVmac239Gag205E by additional GagV340M substitution
We first constructed a mutant SIVmac239 molecular
clone DNA with a mutation of a D-to-E substitution at
the 205th aa in Gag (CA NTD) to obtain the mutant
virus, SIVmac239Gag205E (Figure 1). Analysis of viral
replication kinetics on HSC-F, a macaque T cell line,
revealed delayed peak of the mutant SIVmac239-
Gag205E replication, indicating its lower replicative abil-
ity compared to the wild-type SIVmac239 (Figure 2).
We further followed up SIVmac239Gag205E replica-
tion on HSC-F cells and explored a possibility of viral
reversion or additional mutations (Figure 3). No addi-
tional gag mutation became dominant on day 10 after
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SIVmac239Gag205E infection. Interestingly, however, in
the second culture after passage of the first culture
supernatants on day 10 into uninfected HSC-F cells, an
additional mutation, GagV340M, resulting in a valine
(V)-to-methionine (M) substitution at the 340th aa in
Gag (CA CTD), became dominant in two of four sets of
experiments; SIVmac239 has V while SIVsmE543-3 has
M at the Gag residue 340. The GagD205E mutation
remained dominant, and no other mutations were
detected in the CA-coding region even in the second
culture.

We then constructed a mutant SIVmac239 molecular
clone DNA by introducing the GagV340M mutation
into the SIVmac239Gag205E CA-coding region to
obtain SIVmac239Gag205E340M (Figure 1). This
mutant SIV showed similar replication kinetics on HSC-
F cells with the wild-type SIVmac239, indicating com-
pensation for loss of viral fitness in SIVmac239Gag205E
by addition of the GagV340M substitution (Figure 2).
These results imply that SIV CA with Gag205D-340V or
Gag205E-340M combination is functional whereas the
CA with Gag205E-340V is less functional.

Possible interaction between Gag residues 205 and 340 in
SIV CA hexamers

Recovery of viral fitness of SIVmac239Gag205E by the
GagV340M substitution suggests a possibility of interac-
tion between Gag residues 205 in the NTD and 340 in
the CTD. Modeling of CA monomer structure, however,
showed that the Gag 205th residue is located in the
helix 4 of CA NTD, while the 340th is in the loop
between helices 10 and 11 of CTD, which does not sup-
port a possibility of intramolecular contact between Gag
residues 205 and 340 (data not shown).

CA molecules are known to form hexamer lattice in
mature virions [29-33]. Modeling of CA hexamer struc-
ture revealed that the Gag 205th residue in the NTD is
located in close proximity to the 340th in the CTD of
the adjacent CA molecule (Figure 4). These observations
support a possibility of intermolecular interaction
between Gag residues 205 and 340 in CA hexamers.

In addition, the 312th residue in the loop between
helices 8 and 9 of CTD is located in close proximity to the
205th in the NTD of the adjacent CA molecule. Because
SIVmac239 and SIVsmES543-3 have different amino acids
at this residue 312, alanine (A) in the former and proline
(P) in the latter, we also constructed a mutant SIVmac239
molecular clone DNA by introducing the GagA312P
mutation resulting in A-to-P substitution at the 312th aa
in Gag into the SIVmac239Gag205E CA-coding region to
obtain SIVmac239Gag205E312P (Figure 1). Analysis of
replication kinetics on HSC-F cells indicated recovery of
viral fitness by the additional GagA312P substitution in
SIVmac239Gag205E (Figure 2).
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Figure 1 SIV CA amino acid sequences. (A) Comparison of SIVmac239 amino acid sequences in CA, Gag residues 136-364, with SIVsmE543-3
(GenBank accession number U72748). (B) Schema indicating the amino acid substitutions in mutant SIV CA.

Full recovery of viral fitness in SIVmac239Gag205E340M
We then focused on analyzing the possibility of func-
tional interaction between Gag residues 205 in CA NTD
and 312/340 in CA CTD. To confirm differences in viral
fitness among SIVmac239, SIVmac239Gag205E, SIV-
mac239Gag205E312P, and SIVmac239Gag205E340M,
we compared their replicative ability by viral competi-
tion assay (Table 1). The competitions confirmed lower
viral fitness of SIVmac239Gag205E compared to wild-
type SIVmac239, SIVmac239Gag205E312P, and SIV-
mac239Gag340M. SIVmac239Gag205E312P showed
lower viral fitness than SIVmac239, whereas replication
ability of SIVmac239Gag205E340M was no less than the
wild-type. These results indicate that the GagD205E
substitution in SIVmac239 reduced viral fitness, which
was recovered partially by an additional GagA312P and
fully by an additional GagV340M substitution. The com-
petition between SIVmac239 and SIVmac239Ga-
g205E340M at the ratio of 1:1 resulted in selection of
the latter, suggesting that SIV CA with Gag205E-340M
combination observed in SIVsmE543-3 may be slightly
more functional than that with Gag205D-340V in
SIVmac239.

Inhibition of the early phase of SIVmac239Gag205E
replication

We examined whether the GagD205E substitution
affects the early or late phase of SIVmac239 replication.
On LuSIV cells, STVmac239Gag205E infection showed
significantly lower luciferase activity compared to wild-
type SIVmac239, SIVmac239Gag205E312P, or SIV-
mac239Gag205E340M, indicating suppression of the
early phase of SIVmac239GagD205E replication (Figure
5). In contrast, we did not find a significant difference
in viral production among SIVmac239, SIVmac239-
Gag205E, SIVmac239Gag205E312P, and SIVmac239Ga-
g205E340M (Figure 6). These results indicate that the
loss of viral fitness by the GagD205E substitution is
mainly due to inhibition of the early phase of viral
replication.

Loss of in vitro core stability in SIVmac239Gag205E

If the GagD205E substitution disturbs intermolecular
CA interaction for hexamer formation, it may affect SIV
core stability. To assess the core stability in vitro [34],
concentrated viruses were separated into three fractions
by ultracentrifugation under gradient sucrose
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Figure 2 Wild-type and mutant SIV replication kinetics in HSC-
F cells. HSC-F cells were infected with SIVmac239 (WT, open
circles), SIVmac239Gag205E (205E, closed diamonds),
SIVmac239Gag205E312P (205E312P, asterisk), or
SIVmac239Gag205E340M (205E340M, open triangles). Virus
production was monitored by measuring RT activity in the culture
supernatants. A representative result from five sets of experiments is
shown.

concentrations in the presence of Triton X-100 and
each fraction was subjected to Western blot analysis to
detect CA p27 proteins (Figure 7). In the absence of
Triton X-100, CA proteins were detected in the bottom
fraction, whereas those in the presence of 1% Triton X-
100 were sensitive to the detergent and detected not in
the bottom but only in the top fraction (data not
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shown). We compared the in vitro viral core stability
between SIVmac239 and SIVmac239Gag205E in the
presence of 0.6%, 0.9%, and 1.35% Triton X-100, respec-
tively, and found a difference in the presence of 0.6%
Triton X-100. Additional experiments revealed that SIV-
mac239Gag205E core was more sensitive to 0.6% Triton
X-100 treatment than SIVmac239, SIVmac239Ga-
g205E312P, and SIVmac239Gag205E340M (Figure 7).
These results suggest that viral core stability may be
reduced by GagD205E substitution but can be recovered
by additional GagA312P or GagV340M substitution.

Selection of GagD205E plus GagV340M mutations in a
SlVmac239-infected macaque

The GagD205E substitution results in viral escape from
Gagage.216-specific CTL recognition. Finally, we exam-
ined whether this substitution can be selected in the
chronic phase of SIVmac239 infection in 90-120-Ia-posi-
tive macaques eliciting Gagyps.216-specific CTL
responses using plasma samples obtained in our pre-
vious experiments [35,36]. SIVmac239-infected 90-120-
Ia-positive macaques select the GagL216S mutation
resulting in viral escape from Gagaos.216-specific CTL
recognition, but we found selection of both GagD205E
and GagV340M mutations in viral genomes in one ani-
mal, R01-007 (Table 2). In this animal, GagD205E and
GagV340M mutations were undetectable at week 123
after SIVmac239 challenge, but both became detectable
at week 137 and were dominant at week 150. In con-
trast, the GagL216S mutation dominant at week 123
was not detected at week 150. These results present in
vivo evidence indicating functional interaction between
the Gag 205th residue in NTD and the 340th in CTD of
SIV CA.
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2nd culture
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Figure 3 Passage of SIVmac239Gag205E culture supernatants. HSC-F cells were infected with SIVmac239Gag205E. The culture supernatant
on day 10 was added to fresh HSC-F cells to start the second culture. Viral RNAs were extracted from the first culture supernatant on day 10
and the second culture supernatant on day 16 after the initial infection and subjected to sequence analyses. Dominant amino acid at the 340th
residue remained V on day 10 in all cases but was M on day 16 in two of four sets of experiments (Gag340M was detectable on day 10 in these
two sets of experiments). No other amino acid change was observed in the CA-coding region.
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Figure 4 Structural models of SIVmac239 CA hexamer. The hexameric SIVmac239 CA models were constructed by homology-modeling
using a crystal structure of the hexameric HIV-1 CA at a resolution of 1.90 A (PDB code: 3H47[33]) as a modeling template. “MOE-Align” and
‘MOE-Homolagy” in MOE version 2008.1002 were used for the modeling. The side chains of the 205th, 312th, and 340th aa in Gag are shown as
orange sticks. (A) Overall structure of SIVmac239 CA hexamer. (B) The hexameric structures near positions 205, 312, and 340 of wild-type and
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Discussion

The Gag CA which is one of the most conserved pro-
teins in HIV and SIV may be a promising immunogen
for CTL-based AIDS vaccines. However, the limitations
imposed on amino acid sequences in CA are not fully
understood. In the present study, we found that the
GagD205E substitution in SIVmac239 CA NTD reduces
viral fitness, which is recovered by additional GagA312P

or GagV340M substitution in the CTD. SIVmac239-
Gag205E passaged in cell culture often resulted in selec-
tion of an additional GagV340M mutation. Furthermore,
selection of Gag205E plus Gag340M mutations, but not
Gag205E alone, was observed in a chronically SIV-
mac239-infected rhesus macaques. These results provide
evidence indicating a functional interaction between
Gag residues 205 in CA NTD and 340 in CA CTD,
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SIVs in competition Ratio of inoc. titers® Exp. no. Dominant aa sequences®
day 6 day 18
41 #1 205D 205D
#2 205D 205D
SIVmac239 & SIVmac239Gag205E 1:1 #1 205D 205D
#2 205D 205D
14 #1 205D 205D
#2 205D 205D
4:1 #1 205D 312A 205D 312A
#2 205D 312A 205D 312A
SIVmac239 & SIVmac239Gag205E312P 1:1 #1 205D 312A 205D 312A
#2 205D 312A 205D 312A
14 #1 205D 312A 205D 312A
#2 205D 312A 205D 312A
41 #1 205D 340V 205D 340V
#2 205D 340V 205D 340V
SIVmac239 & SiVmac239Gag205E340M 111 #1 205D/E 340V/M 205E 340M
#2 205D/E 340V/M 205E 340M
14 #1 205E 340M 205E 340M
#2 205E 340M 205E 340M
41 #1 205E 312P 205E 312P
#2 205E 312P 205E 312p
SIVmac239Gag205E & SIVmac239Gag205E312P 11 #1 205E 312P 205E 312pP
#2 205E 312P 205E 312p
14 #1 205E 312P 205E 312P
#2 205E 312p 205E 312P
41 #1 205E 340M 205E 340M
#2 205E 340M 205E 340M
SIVmac239Gag205E & SIVmac239Gag205E340M 1:1 # 205E 340M 205E 340M
#2 205E 340M 205E 340M
14 #1 205E 340M 205E 340M
#2 205E 340M 205E 340M

PHSC-F cells were coinfected with two kinds of SIVs indicated. Viral gag fragments were amplified by RT-PCR from viral RNAs from the culture supernatants on
days 6 and 18 postinfection and then sequenced. Results from two sets of experiments (Exp. #1 and #2) are shown.

PThe ratio of the dose (RT activity) of the virus indicated at the top to that at the bottom at coinfection.

“Dominant amino acid sequences at the positions where mutations were included in the inoculums are shown. 205D/E, D and E were detected equally at the

205th aa in Gag; 340 V/M, V and M were detected equally at the 340th aa in Gag.

presenting a structural constraint for functional interac-
tion between SIV CA NTD and CTD.

HIV and SIV Gag proteins are expressed as unpro-
cessed polyproteins, which are assembled and incorpo-
rated into the virions. Concomitant with viral budding,
incorporated Gag polyproteins are proteolytically
cleaved by viral protease into processed proteins includ-
ing MA (matrix), CA, and NC (nucleocapsid), participat-
ing in mature infectious virion formation [37,38]. Recent
structural analyses [31-33,39-41] indicated that CA pro-
teins form hexamer lattice in matured virions; in the
mature CA core, the intermolecular NTD-NTD and
NTD-CTD interfaces are involved in the formation of

CA hexamers, while the intermolecular CTD-CTD
interface connects neighboring hexamers. Our modeling
analyses did not support a possibility of intramolecular
interaction but indicated possible intermolecular interac-
tion between Gag205 in CA NTD and Gag312/340 in
CA CTD, which may affect CA hexamer formation dur-
ing viral maturation. This is consistent with our results
in Figure 5 indicating that the GagD205E substitution
results in inhibition of the early phase of SIVmac239
replication, which can be overcome by additional
GagA312P or GagV340M substitution. This possibility is
supported also by our results on viral core stability in
vitro, although it remains unclear how much extent the
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Figure 5 Mutant SIV infection. LuSIV cells were infected with
SIVmac239 (WT), SIVmac239Gag205E (205E), SIVmac239Gag205E312P
(205E312P), or SIVmac239Gag205E340M (205E340M). Luciferase
activity was measured 24 hr after infection. Relative infectivity is
shown as the ratio (%) of the luciferase activity to that of SIVmac239
(WT). Mean values in three sets of experiments are shown.

WT 205E

core stability in vitro can reflect the one in vivo [42].
There has been no report suggesting the influence of
the Gag 205 residue on SIV sensitivity to tripartite inter-
action motif 5o (TRIM5a). A previous report on HIV
CA lattice [31,43] indicated a potential interaction
between the helix 4 of NTD and the loop connecting
helices 10 and 11 of CTD in the adjacent molecule. Our
results suggest the possible involvement of Gag205 and
Gag340 residues in this intermolecular NTD-CTD inter-
action in CA hexamers.

The molecular model of CA hexamers incorporating
the GagD205E substitution suggested shortening of the
distance between Gag205 and Gag340 residues, which
looked to be compensated by GagV340M substitution
(Figure 4). The modeling can draw a hydrophobic
pocket between Gag205 and Gag340 residues in
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Figure 6 Mutant SIV production. COS-1 cells were transfected
with molecular clone DNAs of SIVmac239 (WT), SIVmac239Gag205E
(205E), SVmac239Gag205E312P (205E312P), or
SIVmac239Gag205E340 M (205E340 M). RT activity of the culture
supernatants two days after transfection was measured. Mean
values in five sets of experiments are shown.
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Figure 7 SIV core stability in vitro. Concentrated SIVmac239 (Wt;
lanes 1-3), SIVmac239Gag205E (205E; lanes 4-6),
SIVmac239Gag205E312P (205E312P; lanes 7-9), or
SIVmac239Gag205E340M (205E340 M; lanes 10-12) was separated
into three fractions (top [al, middle [b], and bottom [c]) by
ultracentrifugation under gradient sucrose concentrations in the
presence of 0.6% Triton X-100. Each fraction was subjected to
Western blot analysis to detect SIV CA p27 proteins (A). A
representative result from three sets of experiments is shown. The

bottom (c) fractions were also subjected to RT assay (B).

SIVmac239Gag205E340M as well as SIVmac239, but
not in SIVmac239Gag205E CA hexamers. Thus, this
pocket may be a target candidate for anti-viral drugs.
Both Gagl216S and GagD205E mutations can result
in escape from Gagsge.216-specific CTL recognition
[19,28], but the former is usually selected in SIV-
mac239-infected 90-120-Ia-positive macaques probably

Table 2 Viral gag sequences in macaque R01-007
infected with SIVmac239?

Wks after challenge

Amino acid sequencesb

at 205th at 216th at 340th
123 D S \
137 D® SO V(M)
150 E L M

*Viral RNAs were extracted from plasma obtained from a 90-120-la-positive
macaque R01-007 at weeks 123, 137, and 150 after SIVmac239 challenge. Viral
gag fragments were amplified by RT-PCR from viral RNAs and then
sequenced. This animal showed efficient Gagags-216-specific CTL responses and
vaccine-based control of a SIVmac239 challenge with rapid selection of the
GagL216S escape mutation (at week 5), but accumulated viral mutations in
the chronic phase, leading to reappearance of plasma viremia around week
60 after challenge as described previously [19,35].

Dominant amino acid sequences at the 205th, 216th, and 340th aa in Gag
are shown. Parentheses indicate the sequences that are not dominant but
detectable.
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because the latter reduces viral fitness more severely
than the former. In this study, we found selection of
GagD205E plus GagV340M mutations in the chronic
phase of SIVmac239 infection in a 90-120-Ia-positive
macaque. In this animal, the CTL escape GagL216S
mutation first selected after SIVmac239 challenge
became undetectable and was replaced with the CTL
escape GagD205E mutation in combination with
GagV340M in the chronic phase. This may imply that
the GagD205E plus GagV340M mutations might be
more advantageous than the GagL216S mutation for
SIVmac239 replication in the presence of Gagspg.216-
specific CTL pressure.

We observed the addition of GagV340M mutation but
not a Gag205E-to-Gag205D reversion in SIVmac239-
Gag205E passage. This may be due to difference in fre-
quencies between purine-to-purine (guanine-to-adenine)
change in the former and purine-to-pyrimidine (ade-
nine-to-thymine) change in the latter. The appearance
of additional GagV340M mutation in SIVmac239-
Gag205E passaged in cell culture as well as the selection
of GagD205E plus GagV340M mutations in an animal
provides key evidence indicating functional interaction
between Gag residues 205 in CA NTD and 340 in CA
CTD. The Gag is a promising candidate as a vaccine
immunogen for CTL induction, because cumulative stu-
dies have indicated the efficacy of Gag-specific CTL
responses against HIV and SIV infection [7,25,44,45].
However, viral mutational escape from CTL recognition
is a major challenge for AIDS vaccine design. Thus, the
information on the structural constraint presented in
this study might be helpful for immunogen design in
AIDS vaccine development.

Conclusions

Our results present in vitro and in vivo evidence impli-
cating the interaction between Gag residues 205 in CA
NTD and 340 in CA CTD in SIV replication. SIV CA
with Gag205D-340V (observed in SIVmac239) or
Gag205E-340M combination (observed in SIVsmE543-3)
is functional whereas the CA with Gag205E-340V is less
functional. Thus, the present study indicates a structural
constraint for functional interaction between SIV CA
NTD and CTD, providing valuable information for
immunogen design to limit viral escape options.

Methods

Analysis of mutant SIV replication

SIV molecular clone DNAs with gag mutations were
constructed by site-directed mutagenesis from the wild-
type SIVmac239 molecular clone DNA [24]. Virus
stocks were obtained by transfection of COS-1 cells
with wild-type or mutant SIV molecular clone DNAs
using Lipofectamine LTX PLUS (Invitrogen, Tokyo,
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Japan). Viral titers were measured by reverse transcrip-
tion (RT) assay as described previously [46]. For analysis
of viral replication kinetics, HSC-F cells (herpesvirus sai-
miri-immortalized macaque T-cell line) [47] were
infected with wild-type or mutant SIVs (normalized by
RT activity), and virus production was monitored by
measuring RT activity in the culture supernatants. To
examine viral infectivity, LuSIV cells, which are derived
from CEMx174 cells and contain a luciferase indicator
gene under the control of the SIVmac239 long terminal
repeat, were cultured for 24 hr after viral infection and
then lysed in a reporter lysis buffer (Promega Corp.,
Tokyo, Japan) for measurement of the luciferase activity
in a luminometer (GloMax™ 96 Microplate Lumin-
ometer, Promega Corp.).

Viral competition assay

HSC-F cells were coinfected with two SIVs at a ratio of
1:1 or 1:4, and the culture supernatants harvested every
other day were used for RT assays. On day 6, the super-
natant was added to fresh HSC-F cells to start the sec-
ond culture. Similarly, on day 12 after the initial
coinfection, the second culture supernatant was added
to fresh HSC-F cells to start the third culture. RNAs
were extracted using the High Pure viral RNA kit
(Roche Diagnostics, Tokyo, Japan) from the initial cul-
ture supernatant on day 6 and from the third culture
supernatant on day 18 post-coinfection. The fragment
(nucleotides 1231 to 2958 in SIVmac239 [GenBank
accession number M33262]) containing the entire gag
region was amplified from the RNA by RT-PCR and
sequenced to determine dominant sequences as
described previously [19].

Molecular modeling of hexameric SIVmac239 CA

The crystal structures of HIV-1 CA NTD at a resolution
of 2.00 A (PDB code: 1M9C[48]), HIV-1 CA CTD at a
resolution of 1.70 A (PDB code: 1A80]5}), and hexame-
ric HIV-1 CA at a resolution of 1.90 A (PDB code: 3H47
[33]) were taken from the RCSB Protein Data Bank [49].
Three-dimensional (3-D) models of monomeric SIV-
mac239 CA were constructed by the homology modeling
technique using ‘MOE-Align’ and ‘MOE-Homology’ in
the Molecular Operating Environment (MOE) version
2008.1002 (Chemical Computing Group Inc., Quebec,
Canada) as described [50,51]. We obtained 25 intermedi-
ate models per one homology modeling in MOE, and
selected the 3-D models which were the intermediate
models with best scores according to the generalized
Born/volume integral methodology [52]. The final 3-D
models were thermodynamically optimized by energy
minimization using an AMBER99 force field [53] com-
bined with the generalized Born model of aqueous solva-
tion implemented in MOE [54]. Physically unacceptable
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local structures of the optimized 3-D models were further
refined on the basis of evaluation by the Ramachandran
plot using MOE. The structures of hexameric SIVmac239
CA were generated from the monomeric structures by
MOE on the basis of the assembly information of hex-
americ HIV-1 CA crystal structure [33].

Analysis of viral CA core stability in vitro

Detergent treatment of wild-type and mutant SIV parti-
cles was performed essentially as described previously
[34]. Briefly, viruses from COS-1 cells transfected with
viral molecular clone DNAs (normalized by RT activity)
were concentrated by ultracentrifugation at 35,000 x
rpm for 75 min at 4°C in a SW41 rotor (Beckman
Instruments, Tokyo, Japan) through a cushion of 20%
sucrose in phosphate buffered saline (PBS). The concen-
trated viral pellets were suspended in PBS. Sucrose step
gradients were prepared in SW55 centrifuge tubes with
the 2.0 ml layer of 60% sucrose on the bottom and 2.1
ml layer of 20% sucrose overlaid. Then, 0.1 ml of Triton
X-100 in PBS and 0.5 ml of concentrated viruses were
overlaid and ultracentrifuged at 35,000 x rpm for 60
min at 4°C in a SW55Ti rotor (Beckman Instruments).
Three fractions (top [a], middle [b], and bottom [c]) of
1.1 ml each were collected from the top and subjected
to Western blot analysis using plasma from a simian-
human immunodeficiency virus 89.6PD-infected rhesus
macaque [55] and RT assay.
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Cytotoxic T lymphocyte (CTL) responses are crucial for the control of human and simian immunodefi-
ciency virus (HIV and SIV) replication. A promising AIDS vaccine strategy is to induce CTL memory result-
ing in more effective CTL responses post-viral exposure compared to those in natural HIV infections. We
previously developed a CTL-inducing vaccine and showed SIV control in some vaccinated rhesus maca-

KeJ'WWdS-'I ques. These vaccine-based SIV controllers elicited vaccine antigen-specific CTL responses dominantly
AIDS vaccine in the acute phase post-challenge. Here, we examined CTL responses post-challenge in those vaccinated
;I\\: animals that failed to control SIV replication. Unvaccinated rhesus macaques possessing the major
CIL histocompatibility complex class I haplotype 90-088-Ij dominantly elicited SIV non-Gag antigen-specific

CTL responses after SIV challenge, while those induced with Gag-specific CTL memory by prophylactic
vaccination failed to control SIV replication with dominant Gag-specific CTL responses in the acute
phase, indicating dominant induction of vaccine antigen-specific CTL responses post-challenge even in
non-controllers. Further analysis suggested that prophylactic vaccination results in dominant induction
of vaccine antigen-specific CTL responses post-viral exposure but delays SIV non-vaccine antigen-specific
CTL responses. These results imply a significant influence of prophylactic vaccination on CTL immuno-
dominance post-viral exposure, providing insights into antigen design in development of a CTL-inducing
AIDS vaccine.

Immunodominance

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

In human and simian immunodeficiency virus (HIV and SIV)
infections, cytotoxic T lymphocyte (CTL) responses exert strong sup-
pressive pressure on viral replication but fail to control viremia lead-
ing to AIDS progression [1-5]. A promising AIDS vaccine strategy is
to induce CTL memory resulting in more effective CTL responses
post-viral exposure compared to those in natural HIV infections. It
is important to determine how prophylactic CTL memory induction
affects CTL responses in the acute phase post-viral exposure.

We previously developed a prophylactic AIDS vaccine (referred
to as DNA/SeV-Gag vaccine) consisting of DNA priming followed by

* Corresponding author at: AIDS Research Center, National Institute of Infectious
Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640, Japan. Fax: +81 3 5285
1165.
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boosting with a recombinant Sendai virus (SeV) vector expressing
SIVmac239 Gag [6]. Evaluation of this vaccine's efficacy against a
SIVmac239 challenge in Burmese rhesus macaques showed that
some vaccinees contained SIV replication [7]. In particular,
vaccination consistently resulted in SIV control in those animals
possessing the major histocompatibility complex class 1 (MHC-1)
haplotype 90-120-la [8]; Gagos-216 (IINEEAADWDL) and
Gagya1-240 (SSVDEQIQW) epitope-specific CTL responses were
shown to be responsible for this vaccine-based SIV control [9].
Furthermore, in a SIVmac239 challenge experiment of 90-120-Ia-
positive macaques that received a prophylactic DNA/SeV vaccine
expressing the Gags4y_240 epitope fused with enhanced green
fluorescent protein (EGFP), all the vaccinees controlled SIV replica-
tion [10]. This single epitope vaccination resulted in dominant
Gagaa1_249-specific CTL responses with delayed Gag,gs_215-specific
CTL induction after SIV challenge, whereas Gagsos_216-specific and
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Gaga41_249-specific CTL responses were detected equivalently in
unvaccinated 90-120-la-positive animals.

These previous results in vaccine-based SIV controllers indicate
dominant induction of vaccine antigen-specific CTL responses
post-challenge, implying that prophylactic vaccination inducing
vaccine antigen-specific CTL memory may delay CTL responses
specific for viral antigens other than vaccine antigens (referred to
as non-vaccine antigens) post-viral exposure. In these SIV control-
lers, the reduction of viral loads could be involved in delay of SIV
non-vaccine antigen-specific CTL responses. Then, in the present
study, we examined the influence of prophylactic vaccination on
immunodominance post-challenge in those vaccinees that failed
to control SIV replication. Our results showed dominant induction
of vaccine antigen-specific CTL responses post-challenge even in
these SIV non-controllers.

2. Materials and methods
2.1. Animal experiments

The first set of experiment used samples in our previous exper-
iments of six Burmese rhesus macaques (Macaca mulatta) possess-
ing the MHC-I haplotype 90-088-Ij (macaques R02-004, R02-001,
and R03-015, previously reported [7,11]; R04-014, R06-022, and
R04-011, unpublished). Three of them, R02-001, R04-011, and
R03-015, received a prophylactic DNA/SeV-Gag vaccine [7]. The
DNA used for the vaccination, CMV-SHIVdEN, was constructed
from env-deleted and nef-deleted simian-human immunodefi-
ciency virus SHIVypi4ve [12] molecular clone DNA (SIVGP1) and
has the genes encoding SIVmac239 Gag, Pol, Vif, and Vpx,
SIVmac239-HIV chimeric Vpr, and HIV Tat and Rev. At the DNA
vaccination, animals received 5 mg of CMV-SHIVAEN DNA intra-
muscularly. Six weeks after the DNA prime, animals received a
single boost intranasally with 6 x 10° cell infectious units (CIUs)
of F-deleted replication-defective SeV-Gag [13,14]. All six 90-088-
[j-positive animals including three unvaccinated and three vacci-
nated were challenged intravenously with 1000 50% tissue culture
infective doses (TCID50) of SIVmac239 [15] approximately
3 months after the boost. At week 1 after SIV challenge, macaque
R0O3-015 was inoculated with nonspecific immunoglobulin G as
previously described [11].

In the second set of experiment, unvaccinated (R06-001) and
vaccinated (R05-028) rhesus macaques possessing the MHC-I
haplotype 90-120-Ib were challenged intravenously with 1000
TCID50 of SIVmac239. The latter RO5-028 were immunized intra-
nasally with F-deleted SeV-Gag approximately 3 months before
the challenge.

In the third, three rhesus macaques received FMSIV plus mCAT1-
expressing DNA vaccination three times with intervals of 4 weeks.
The FMSIV DNA was constructed by replacing nef-deleted SHIV.
p1aye With Friend murine leukemia virus (FMLV) env, carrying the
same SIVmac239-derived antigen-coding regions with SIVGP1, as
described before [16]. Vaccination of macaques with FMSIV and a
DNA expressing the FMLV receptor (mCAT1) [17] three times with
intervals of a week was previously shown to induce mCAT1-depen-
dent confined FMSIV replication resulting in efficient CTL induction
while vaccination three times with intervals of 4 weeks in the pres-
ent study resulted in marginal levels of responses (data not shown).
These three DNA-vaccinated animals were challenged intrave-
nously with 1000 TCID50 of SIVmac239 approximately 2 months
after the last vaccination.

Some animal experiments were conducted in the Tsukuba Pri-
mate Research Center, National Institute of Biomedical Innovation,
with the help of the Corporation for Production and Research of
Laboratory Primates, in accordance with the guidelines for animal
experiments at the National Institute of Infectious Diseases, and
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Fig. 1. CTL responses after SIVmac239 challenge in 90-088-lj-positive macaques.
(A) Plasma viral loads after SIV challenge in unvaccinated (R02-004, R04-014, and
RO6-022) and DNA/SeV-Gag vaccinated animals (R02-001, R04-011, and R03-015).
The viral loads (SIV gag RNA copies/ml) were determined as described previously
[7]. (B) Vaccine antigen Gag-specific (upper panel) and pseudotyped SIV-specific
CD8* T cell frequencies (lower panel) at week 2 after SIV challenge.

others were in Institute for Virus Research, Kyoto University in
accordance with the institutional regulations.

2.2. Analysis of virus-specific CTL responses

We measured virus-specific CD8* T-cell levels by flow cytomet-
ric analysis of gamma interferon (IFN-y) induction after specific
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Fig. 2. CTL responses after 5IVmac239 challenge in 90-120-Ib-positive macaques.
(A) Plasma viral loads after SIV challenge in unvaccinated RO6-001 and SeV-Gag-
vaccinated macaque R05-028. (B) Vaccine antigen Gag-specific (upper panel) and
pseudotyped SIV-specific CD8" T cell frequencies (lower panel) at weeks 2 (white
bars) and 12 (black bars) after SIV challenge.

stimulation as described previously [18,19]. Peripheral blood
mononuclear cells (PBMCs) were cocultured with autologous her-
pesvirus papio-immortalized B-lymphoblastoid cell lines (B-LCLs)
infected with a vaccinia virus vector expressing SIVmac239 Gag
for Gag-specific stimulation or a vesicular stomatitis virus G
protein (VSV-G)-pseudotyped SIV for pseudotyped SIV-specific
stimulation. The pseudotyped SIV was obtained by cotransfection
of COS-1 cells with a VSV-G-expression plasmid and SIVGP1
DNA. Alternatively, PBMCs were cocultured with B-LCLs pulsed
with peptide pools using panels of overlapping peptides spanning
the entire SIVmac239 Tat, Rev, and Nef amino acid sequences.
Intracellular IFN-y staining was performed with a CytofixCytoperm
kit (Becton Dickinson, Tokyo, Japan) and fluorescein isothiocya-
nate-conjugated anti-human CD4, peridinin chlorophyll
protein-conjugated anti-human CD8, allophycocyanin-conjugated
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Fig. 3. CTL responses after SIVmac239 challenge in DMA-vaccinated macaques. The
DMA used for the vaccination has the SIVmac239-derived region encoding Gag, Pol,
Vif, and Vpx and is expected to induce pseudotyped SIV-specific CTL responses. (A)
Plasma viral loads after SIV challenge in DNA vaccinated macaques R-421, R-431,
and R-438. (B) Vaccine antigen (pseudotyped SIV)-specific (top panel), Tat-plus-
Rev-specific (middle panel), and Nef-specific CD8" T cell frequencies (bottom panel)
at weeks 2 (white bars) and 12 (black bars) after SIV challenge. In macaque R-438,
CTL responses at week 5 instead of week 12 are shown.

anti-human CD3, and phycoerythrin-conjugated anti-human
IFN-y monoclonal antibodies (Becton Dickinson). Specific CD8" T-
cell levels were calculated by subtracting nonspecific IFN-y* CD8*
T-cell frequencies from those after Gag-specific, pseudotyped
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Fig. 4. Viral mutations in DNA-vaccinated macaques. Plasma viral genome sequencing was performed as described previously [18] to determine mutations resulting in amino
acid substitutions in SIV Gag, Pol, Vif, Vpx, Vpr, Tat, Rev, and Nef antigens (except for Env) at weeks 5 and 12 in DNA-vaccinated macaques. The amino acid positions showing
mutant sequences dominantly (++) or equivalently with wild type (+) are shown. While we found a mutation leading to a lysine-to-arginine alteration at the 40th amino acid
in Rev in all animals, this mutation is not shown because the wild-type sequence at this position in the SIVmac239 molecular clone is considered to be a suboptimal

nucleotide that frequently reverts to an alternative sequence in vivo [18,23].

SIV-specific, or peptide-specific stimulation. Specific CD8* T-cell
levels lower than 100 per million PBMCs were considered negative.

3. Results and discussion

In our previous SIVmac239 challenge experiments, the prophy-
lactic DNA/SeV-Gag vaccination did not result in viral control in
rhesus macaques possessing the MHC-I haplotype 90-088-Ij. These
vaccinated animals showed similar levels of plasma viral loads as
those in unvaccinated 90-088-lj-positive animals after SIV chal-
lenge (Fig. 1A). Analysis of virus-specific CD8" T-cell responses
using PBMCs at week 2 after challenge showed equivalent Gag-
specific and pseudotyped SIV-specific (Gag-, Pol-, Vif-, and Vpx-
specific) CTL responses in all three vaccinees (Fig. 1B). Pseudotyped
SIV-specific CTL responses were also detected in all three unvacci-
nated animals, but Gag-specific CTL responses were undetectable
in two out of the three; even the Gag-specific CTL responses de-
tected in macaque R04-014 were much lower than pseudotyped
SIV-specific CTL responses, indicating dominant induction of CTL
responses specific for SIV antigens other than Gag (Fig. 1B). Thus,
in the acute phase of SIV infection, SIV non-Gag antigen-specific
CTL responses were dominantly induced in unvaccinated 90-088-
lj-positive macaques, whereas vaccine antigen (Gag)-specific CTL
responses were dominant in 90-088-Ij-positive vaccinees.

We then analyzed another vaccinees that failed to control a SIV-
mac239 challenge; these macaques were vaccinated with SeV-Gag
alone or DNA alone. First, we compared post-challenge CTL
responses in unvaccinated and SeV-Gag-vaccinated macaques
possessing the MHC-I haplotype 90-120-Ib. Both macaques failed
to control SIV replication after challenge (Fig. 2A). In the
unvaccinated animal R06-001, Gag-specific CTL responses were
undetectable but pseudotyped SIV-specific CTL responses were
induced efficiently at weeks 2 and 12 (Fig. 2B). In contrast,
Gag-specific CTL responses were induced efficiently at week 2 in
the SeV-Gag-vaccinated animal R05-028 (Fig. 2B). At week 12,
Gag-specific CTL responses became undetectable while pseudo-
typed SIV-specific CTL responses were still detectable in this
animal. These results indicate that, in the acute phase after
SIVmac239 challenge, the wunvaccinated 90-120-Ib-positive
macaque dominantly elicited SIV non-Gag antigen-specific CTL
responses whereas the SeV-Gag-vaccinated 90-120-Ib-positive ma-

caque dominantly induced vaccine antigen (Gag)-specific CTL
responses.

Next, we analyzed post-challenge CTL responses in three DNA-
vaccinated macaques. These animals failed to control SIVmac239
replication after challenge (Fig. 3A). The DNA used for the vaccina-
tion and the pseudotyped SIV genome both have the same SIV-
mac239-derived region encoding Gag, Pol, Vif, and Vpx, thus
expected to induce pseudotyped SIV-specific CTL responses.
Pseudotyped SIV-specific CTL responses, namely vaccine antigen-
specific CTL responses, were induced efficiently at week 2 but
diminished after that in all three animals (Fig. 3B). In contrast,
Tat/Rev- and Nef-specific CTL responses were undetectable at
week 2 but induced later (Fig. 3B). Again, vaccine antigen-specific
CTL responses were dominantly induced in the acute phase after
SIV challenge and non-vaccine antigen-specific CTL responses were
elicited later.

All three animals showed viral genome mutations leading to
amino acid substitutions in Gag or Vif at week 5 (Fig. 4). Further
analysis indicated that viral mutations in vaccine antigen-coding
regions appeared earlier than those in other regions. These results
may reflect selective pressure on SIV by vaccine antigen-specific
CTL responses dominantly induced in the acute phase, although
it remains undetermined whether these mutations are CTL escape
ones. Disappearance of vaccine antigen-specific CTL responses at
week 12 may be explained by rapid selection of CTL escape muta-
tions in vaccine antigen-coding regions. However, analysis using
peptides found Gag-specific CTL responses in macaques R-421
and R-431 that had no gag mutations at week 5 (data not shown),
suggesting involvement of immunodominance [20] in the disap-
pearance of vaccine antigen-specific CTL responses at week 12.

In summary, the present study indicates that vaccine antigen-
specific CTL responses are induced dominantly in the acute phase
after viral exposure, with delayed induction of CTL responses
specific for SIV non-vaccine antigens (SIV antigens other than
vaccine antigens). While this delay previously-observed in
vaccine-based SIV controllers [10] can be explained not only by
immunodominance but also by reduction in viral loads, the delay
in vaccinated non-controllers in the present study might reflect
the immunodominance in CTL responses. Thus, in development
of a prophylactic, CTL-inducing AIDS vaccine, it is important to se-
lect vaccine antigens leading to effective CTL responses post-viral
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exposure [21,22]. These results imply a significant influence of pro-
phylactic vaccination on the immunodominance pattern of CTL re-
sponses post-viral exposure, providing insights into antigen design
in development of a CTL-inducing AIDS vaccine.

Acknowledgments

This work was supported by Grants-in-aid from the Ministry of
Education, Culture, Sports, Science, and Technology, Grants-in-aid
from the Ministry of Health, Labor, and Welfare, and a Grant from
Takeda Science Foundation in Japan.

References

[1] RA. Koup, J.T. Safrit, Y. Cao, CA. Andrews, G. McLeod, W. Borkowsky, C.
Farthing, D.D. Ho, Temporal association of cellular immune responses with the
initial control of viremia in primary human immunodeficiency virus type 1
syndrome, J. Virol. 68 (1994) 4650-4655.

[2] P. Borrow, H. Lewicki, B.H. Hahn, G.M. Shaw, M.B. Oldstone, Virus-specific CD8*
cytotoxic T-lymphocyte activity associated with control of viremia in primary
human immunodeficiency virus type 1 infection, . Virol. 68 (1994) 6103-
6110.

[3] T. Matano, R. Shibata, C. Siemon, M. Connors, H.C. Lane, M.A. Martin,
Administration of an anti-CD8 monoclonal antibody interferes with the
clearance of chimeric simian/human immunodeficiency virus during primary
infections of rhesus macaques, J. Virol. 72 (1998) 164-169.

[4] X. Jin, D.E. Bauer, S.E. Tuttleton, S. Lewin, A. Gettie, J. Blanchard, C.E. Irwin, }.T.
Safrit, J. Mittler, L. Weinberger, L.G. Kostrikis, L. Zhang, A.S. Perelson, D.D. Ho,
Dramatic rise in plasma viremia after CD8(+) T cell depletion in simian
immunodeficiency virus-infected macaques, J. Exp. Med. 189 (1999) 991-998.

[5] P.J. Goulder, D.I. Watkins, HIV and SIV CTL escape: implications for vaccine
design, Nat. Rev. Immunol. 4 (2004) 630-640.

[6] T. Matano, M. Kano, H. Nakamura, A. Takeda, Y. Nagai, Rapid appearance of
secondary immune responses and protection from acute CD4 depletion after a
highly pathogenic immunodeficiency virus challenge in macaques vaccinated
with a DNA prime/Sendai virus vector boost regimen, J. Virol. 75 (2001)
11891-11896.

[7] T. Matano, M. Kobayashi, H. Igarashi, A. Takeda, H. Nakamura, M. Kano, C.
Sugimoto, K. Mori, A. lida, T. Hirata, M. Hasegawa, T. Yuasa, M. Miyazawa, Y.
Takahashi, M. Yasunami, A. Kimura, D.H. O’Connor, D.Il. Watkins, Y. Nagai,
Cytotoxic T lymphocyte-based control of simian immunodeficiency virus
replication in a preclinical AIDS vaccine trial, J. Exp. Med. 199 (2004) 1709~
1718.

[8] Y. Takahashi-Tanaka, M. Yasunami, T. Naruse, K. Hinohara, T. Matano, K. Mori,
M. Miysazawa, M. Honda, Y. Yasutomi, Y. Nagai, A. Kimura, Reference strand-
mediated conformation analysis (RSCA)-based typing of multiple alleles in the
rhesus macaque MHC class [ Mamu-A and Mamu-B loci, Electrophoresis 28
(2007) 918-924.

[9] M. Kawada, T. Tsukamoto, H. Yamamoto, N. Iwamoto, K. Kurihara, A. Takeda, C.
Moriya, H. Takeuchi, H. Akari, T. Matano, Gag-specific cytotoxic T lymphocyte-

based control of primary simian immunodeficiency virus replication in a
vaccine trial, J. Virol. 82 (2008) 10199-10206.

[10] T. Tsukamoto, A. Takeda, T. Yamamoto, H. Yamamoto, M. Kawada, T. Matano,
Impact of cytotoxic-T-lymphocyte memory induction without virus-specific
CD4+ T-Cell help on control of a simian immunodeficiency virus challenge in
rhesus macaques, J. Virol. 83 (2009) 9339-9346.

[11] H. Yamamoto, M. Kawada, A. Takeda, H. Igarashi, T. Matano, Post-infection
immunodeficiency virus control by neutralizing antibodies, PLoS ONE 2 (2007)
e540.

[12] R. Shibata, F. Maldarelli, C. Siemon, T. Matano, M. Parta, G. Miller, T.
Fredrickson, M.A. Martin, Infection and pathogenicity of chimeric simian-
human immunodeficiency viruses in macaques: determinants of high virus
loads and CD4 cell killing, J. Infect. Dis. 176 (1997) 362-373.

[13] H.O. Li, Y.F. Zhu, M. Asakawa, H. Kuma, T. Hirata, Y. Ueda, Y.S. Lee, M.
Fukumura, A. lida, A. Kato, Y. Nagai, M. Hasegawa, A cytoplasmic RNA vector
derived from nontransmissible Sendai virus with efficient gene transfer and
expression, J. Virol. 74 (2000) 6564-6569.

[14] A.Takeda, H. Igarashi, H. Nakamura, M. Kano, A. lida, T. Hirata, M. Hasegawa, Y.
Nagai, T. Matano, Protective efficacy of an AIDS vaccine, a single DNA priming
followed by a single booster with a recombinant replication-defective Sendai
virus vector, in a macaque AIDS model, J. Virol. 77 (2003) 9710~9715.

[15] H.W. Kestler 3rd, D.J. Ringler, K. Mori, D.L. Panicali, P.K. Sehgal, M.D. Daniel,
R.C. Desrosiers, Importance of the nef gene for maintenance of high virus loads
and for development of AIDS, Cell 65 (1991) 651-662.

[16] T. Matano, M. Kano, T. Odawara, H. Nakamura, A. Takeda, K. Mori, T. Sato, Y.
Nagai, Induction of protective immunity against pathogenic simian
immunodeficiency virus by a foreign receptor-dependent replication of an
engineered avirulent virus, Vaccine 18 (2000) 3310-3318.

[17] L.M. Albritton, L. Tweng, D. Scadden, J.M. Cunningham, A putative murine
retrovirus receptor gene encodes a multiple membrane-spanning protein and
confers susceptibility to virus infection, Cell 57 (1989) 659-666.

[18] M. Kawada, T. Tsukamoto, H. Yamamoto, A. Takeda, H. Igarashi, D.I. Watkins, T.
Matano, Long-term control of simian immunodeficiency virus replication with
central memory CD4" T-cell preservation after nonsterile protection by a
cytotoxic T-lymphocyte-based vaccine, J. Virol. 81 (2007) 5202-5211.

[19] N. Iwamoto, T. Tsukamoto, M. Kawada, A. Takeda, H. Yamamoto, H. Takeuchi,
T. Matano, Broadening of CD8" cell responses in vaccine-based simian
immunodeficiency virus controllers, AIDS 24 (2010) 2777-2787.

[20] S. Tenzer, E. Wee, A. Burgevin, G. Stewart-Jones, L. Friis, K. Lamberth, C.H.
Chang, M. Harndahl, M. Weimershaus, ]. Gerstoft, N. Akkad, P. Klenerman, L.
Fugger, E.Y. Jones, AJ. McMichael, S. Buus, H. Schild, P. van Endert, A K. Iversen,
Antigen processing influences HIV-specific cytotoxic T lymphocyte
immunodominance, Nat. Immunol. 10 (2009) 636-646.

[21] PJ.R. Goulder, D.I. Watkins, Impact of MHC class I diversity on immune control
of immunodeficiency virus replication, Nat. Rev. Immunol. 8 (2008) 619-630.

[22] H. Streeck, ].S. Jolin, Y. Qi, B. Yassine-Diab, R.C. Johnson, D.S. Kwon, M.M. Addo,
C. Brumme, ].P. Routy, S. Little, H.K. Jessen, A.D. Kelleher, FM. Hecht, R.P.
Sekaly, E.S. Rosenberg, B.D. Walker, M, Carrington, M. Altfeld, Human
immunodeficiency virus type 1-specific CD8" T-cell responses during
primary infection are major determinants of the viral set point and loss of
CD4+ T cells, J. Virol. 83 (2009) 7641-7648.

[23] L. Alexander, L. Denekamp, S. Czajak, R.C. Desrosiers, Suboptimal nucleotides
in the infectious, pathogenic simian immunodeficiency virus clone SIVmac239,
J. Virol. 75 (2001) 4019-4022.



JVI

Journals.ASM.org

Impact of Vaccination on Cytotoxic T Lymphocyte Immunodominance
and Cooperation against Simian Immunodeficiency Virus
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Cytotoxic T lymphocyte (CTL) responses play a central role in viral suppression in human immunodeficiency virus (HIV) infec-
tions. Prophylactic vaccination resulting in effective CTL responses after viral exposure would contribute to HIV control. It is
important to know how CTL memory induction by vaccination affects postexposure CTL responses. We previously showed
vaccine-based control of a simian immunodeficiency virus (SIV) challenge in a group of Burmese rhesus macaques sharing a
major histocompatibility complex class I haplotype. Gag,s.,,¢ and Gag,,, .4, epitope-specific CTL responses were responsible
for this control. In the present study, we show the impact of individual epitope-specific CTL induction by prophylactic vaccina-
tion on postexposure CTL responses. In the acute phase after SIV challenge, dominant Gag, s »,¢-specific CTL responses with
delayed, naive-derived Gag,,,_,4o-specific CTL induction were observed in Gag, ,,s epitope-vaccinated animals with prophylac-
tic induction of single Gag, 4 »,6 epitope-specific CTL memory, and vice versa in Gag,, ,4, epitope-vaccinated animals with sin-
gle Gag,,, ,,, epitope-specific CTL induction. Animals with Gag,_,,¢-specific CTL induction by vaccination selected for a
Gag,y6.216-Specific CTL escape mutation by week 5 and showed significantly less decline of plasma viral loads from week 3 to
week 5 than in Gag,,, ,,, epitope-vaccinated animals without escape mutations. Our results present evidence indicating signifi-
cant influence of prophylactic vaccination on postexposure CTL immunodominance and cooperation of vaccine antigen-specific
and non-vaccine antigen-specific CTL responses, which affects virus control. These findings provide great insights into antigen

design for CTL-inducing AIDS vaccines.

H uman immunodeficiency virus (HIV) infection induces
chronic, persistent viral replication leading to AIDS onset in
humans. Virus-specific cytotoxic T lymphocyte (CTL) responses
play a central role in the resolution of acute peak viremia (3, 4, 13,
22, 28) but mostly fail to contain viral replication in the natural
course of HIV infection. Vaccination resulting in more effective
CTL responses after viral exposure than in natural HIV infections
would contribute to HIV control (30, 33). CTL memory induction
by prophylactic vaccination may lead to efficient secondary CTL
responses, but naive-derived primary CTL responses specific for
viral nonvaccine antigens can also be induced after viral exposure.
It is important to know how CTL memory induction by vaccina-
tion affects these postexposure CTL responses.

Cumulative studies on HIV-infected individuals have shown
association of HLA genotypes with rapid or delayed AIDS pro-
gression (5, 14, 31, 34). For instance, most of the HIV-infected
individuals possessing HLA-B*57 have been indicated to show a
better prognosis with lower viral loads, implicating HLA-B*57-
restricted epitope-specific CTL responses in this viral control (1, 8,
23, 24). Indian rhesus macaques possessing certain major histo-
compatibility complex class I (MHC-I) alleles, such as Mamnu-
A*01, Mamu-B*08, and Mamu-B*17, tend to show simian immu-
nodeficiency virus (SIV) control (19, 25, 36). This implies possible
HIV control by induction of particular effective CTL responses (2,
7, 12, 16, 27).

Recent trials of prophylactic T-cell-based vaccines in macaque
AIDS models have indicated the possibility of reduction in post-
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challenge viral loads (6, 15, 17, 21, 35). We previously developed a
prophylactic AIDS vaccine consisting of a DNA prime and a boost
with a Sendai virus (SeV) vector expressing SIVmac239 Gag (SeV-
Gag) (20). Our trial showed vaccine-based control of an SIV-
mac239 challenge in a group of Burmese rhesus macaques sharing
the MHC-I haplotype 90-120-Ia (21). Animals possessing 90-
120-Ia dominantly elicited Mamu-A1*043:01 (GenBank acces-
sion number AB444869)-restricted Gag,s..1¢ (IINEEAADWDL)
epitope-specific and Mamu-A1*065:01 (AB444921)-restricted
Gag,yy.040 (SSVDEQIQW) epitope-specific CTL responses after
SIV challenge and selected for viral gag mutations, GagL216S
(leading to a leucine [L]-to-serine [S] substitution at amino acid
[aa] 216 in Gag) and GagD244E (aspartic acid [D]-to-glutamic
acid [E] at aa 244), resulting in escape from CTL recognition with
viral fitness costs in the chronic phase (9, 26). Vaccinees possess-
ing 90-120-Ia failed to control a challenge with a mutant SIV car-
rying these two CTL escape mutations, indicating that Gag,gs_24-
specific and Gag,,,.,4o-specific CTL responses play a crucial role
in the vaccine-based control of wild-type SIVmac239 replication
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TABLE 1 Animals analyzed in this study

CTL Immunodominance and Cooperation for SIV Control

SIV-specific CTL

Group No. of animals Vaccination® response postboost

1 6 None None

1 5 Gag (pCMV-SHIVJEN DNA prime, SeV-Gag boost) Gag-specific CTL

11 6 Gagyy, . 249-specific (pGag,sq.050-EGFP-N1 DNA prime, SeV-Gag,s6.550-EGFP boost) Gaga,y,.240-specific CTL
v 5 Gagage216-5pecific (pGagags 216-EGFP-N1 DNA prime, SeV-Gagag; 216-EGFP boost) Gagype.216-specific CTL

@ All animals were challenged with SIVmac239.

(10). Furthermore, in an SIVmac239 challenge experiment with
90-120-Ia-positive rhesus macaques that received a prophylactic
vaccine expressing the Gag,,, ,4o epitope fused with enhanced
green fluorescent protein (EGFP), this single-epitope vaccination
resulted in control of STVmac239 replication with dominant in-
duction of Gag,4,_,4o-specific CTL responses in the acute phase
postchallenge (32).

Thus, it is hypothesized that induction of single Gag, .5, OT
Gag,y;.240 epitope-specific CTL responses by vaccination may re-
sult in different patterns of CTL immunodominance and viral
replication after SIV challenge. In the present study, we analyzed
the impact of prophylactic vaccination inducing single Gag,ys.516
epitope-specific CTL responses on SIV control in 90-120-Ia-
positive macaques and compared the results with those of vacci-
nation inducing single Gag,,, .4 epitope-specific CTL responses.
This analysis revealed differences in CTL responses and patterns
of viral control after SIV challenge between these vaccinated
groups, indicating significant effects of prophylactic vaccination
on postexposure CTL immunodominance and cooperation of
vaccine antigen-specific and non-vaccine antigen-specific CTL re-
sponses.

MATERIALS AND METHODS

Animal experiments. Animal experiments were conducted through the
Cooperative Research Program at Tsukuba Primate Research Center, Na-
tional Institute of Biomedical Innovation, with the help of the Corpora-
tion for Production and Research of Laboratory Primates. Blood collec-
tion, vaccination, and virus challenge were performed under ketamine

anesthesia. All animals were maintained in accordance with the Guideline
for Laboratory Animals of the National Institute of Infectious Diseases.
Five Burmese rhesus macaques (Macaca mulatta) possessing the
MHC-I haplotype 90-120-Ia (26) (group IV) received a DNA-prime/SeV-
boost vaccine eliciting Gag,,s.»;4-specific CTL responses followed by an
SIVmac239 challenge and were compared with three groups (I, II, and I1I)
of 90-120-Ia-positive animals reported previously (10, 32) (Table 1).
Group I animals (n = 6) received no vaccination, while group II animals
(n = 5) received a DNA-prime/SeV-boost vaccine eliciting Gag-specific
CTL responses. The DNA, CMV-SHIVJEN, used for the vaccination
was constructed from a simian/human immunodeficiency virus
(SHIV ypy4ye) molecular clone DNA with env and nef deleted (29) and
has the genes encoding SIVmac239 Gag, Pol, Vif, and Vpx; SIVmac239-
HIV-1 chimeric Vpr; and HIV-1 Tat and Rev (21). In group II animals,
CTL responses were undetectable after DNA prime but Gag-specific CTL
responses became detectable after SeV-Gag boost. Group Il animals (n =
6) received a DNA-prime/SeV-boost vaccine eliciting Gag,,, .4o-specific
CTL responses. A pGag,s4.250-EGFP-N1 DNA and an SeV-Gag,sg 550"
EGFP vector, both expressing an SIVmac239 Gag, 3¢ 550 (IAGTTSSVDEQ
IQWM)-EGFP fusion protein, were used for the group III vaccination.
After the SeV-Gag, 4 250-EGFP boost, group IIl animals induced Gagy ,; 49-
specific CTL responses; the animals showed no Gag,g_,50-specific CD4*
T-cell responses but elicited SeV/EGFP-specific CD4* T-cell responses
(32). For the group IV vaccination, A pGag,,, »;,-EGFP-N1 DNA and an
SeV-Gag,o,.216-EGFP vector, both expressing an SIVmac239 Gagyg, .16
(IIRDIINEEAADWDL)-EGFP fusion protein, were used (Fig. 1). Ap-
proximately 3 months after the boost, all animals were challenged intra-
venously with 1,000 50% tissue culture infective doses of STVmac239 (11).
In our previous study (32), the unvaccinated and the control-vaccinated

i Gag —>
<€ CA >
Gagygs.215 €Pitope Gagy41.4¢ €pitope
MASRAAA IIIRDIINEEAADWDL | AAADPPVAT - MASRAAA | IAGTTSSVDEQIQ M PPVAT -

\/

EGFP

Gagyp;.216EGFP

\/

EGFP

Gagysg.250-EGFP

FIG 1 Schema of the cDNA constructs encoding Gag,, ,,-EGFP and Gag,s4_,5,-EGFP fusion proteins. A DNA fragment that encodes a 31-mer peptide (boxes)
including the Gag,, 5,6 0r Gag,s4.050 Sequence (underlining) was introduced into the 5' end of the EGFP ¢cDNA.
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FIG 2 Gag, ,,4-specific and Gag,,, ,4e-specific CTL responses after prophylactic vaccination. (A) Gag,g, .,6-specific CD8* T-cell frequencies 1 week after
SeV-Gag,,.5,s~EGFP boost in group IV macaques (open boxes). (B) Gag,ge.5,6-Specific (open circles) and Gag,,, ,4e-specific (closed circles) CD8* T-cell
frequencies 1 week after boost in group II (green), 111 (blue), and IV (red) macaques. The bars indicate the geometric mean of each group. No animal showed

detectable Gag-specific CTL responses before the boost.

animals receiving a DNA and an SeV expressing EGFP showed no signif-
icant differences in viral loads after SIV challenge.

Analysis of antigen-specific CTL responses. We measured virus-
specific CD8* T-cell levels by flow cytometric analysis of gamma inter-
feron (IFN-+) induction after specific stimulation, as described previously
(21). Peripheral blood mononuclear cells (PBMCs) were cocultured with
autologous herpesvirus papioimmortalized B-lymphoblastoid cell lines
pulsed with 1 uM SIVmac239 Gag,s.21¢ (IINEEAADWDL), Gag,y; 240
(SSVDEQIQW), or Gagsg, 35 (ALKEALAPVPIPFAA) peptide for
Gag,gs.216-5pecific, Gag,y, rqo-specific, or Gagsgy sg,-specific stimula-
tion. Intracellular IFN-+ staining was performed with a CytofixCytoperm
kit (BD, Tokyo, Japan) and fluorescein isothiocyanate-conjugated anti-
human CD4 (BD), peridinin chlorophyll protein-conjugated anti-human
CD8 (BD), allophycocyanin (APC)-Cy7-conjugated anti-human CD3
(BD), and phycoerythrin (PE)-conjugated anti-human IFN-vy (Bioleg-
end, San Diego, CA) monoclonal antibodies. Specific T-cell levels were
calculated by subtracting nonspecific [IFN-vy T-cell frequencies from those
after peptide-specific stimulation. Specific T-cell levels lower than 100 per
million PBMCs were considered negative.

Sequencing of the viral genome. Plasma RNA was extracted using the
High Pure viral RNA kit (Roche Diagnostics, Tokyo, Japan). Fragments
corresponding to nucleotides from 1231 to 2958 (containing the entire
gag region) in the SIVmac239 genome (GenBank accession number
M33262) were amplified by nested reverse transcription (RT)-PCR. The
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PCR products were sequenced using dye terminator chemistry and an
automated DNA sequencer (Applied Biosystems, Tokyo, Japan).

Statistical analysis. Statistical analyses were performed using R soft-
ware (R Development Core Team). Differences in geometric means of
plasma viral loads were examined by one-way analysis of variance
(ANOVA) and Tukey-Kramer's multiple-comparison test. Plasma viral
loads at week 3 were examined for differences between group III and
groups Il and IV by analysis of covariance (ANCOVA) with week 5 viral
loads as a covariate.

RESULTS

CTL responses after prophylactic vaccination. We previously re-
ported the efficacy of vaccination eliciting whole Gag-specific or
single Gag,,, .40 epitope-specific CTL memory against SIV-
mac239 challenge (10, 32). In the present study, we examined the
efficacy of prophylactic induction of single Gag,y.5,¢ €pitope-
specific CTL memory against SITVmac239 challenge and compared
the results with those of the previous experiments.

Five Burmese rhesus macaques possessing MHC-I haplotype
90-120-Ia received a DNA-prime/SeV-boost vaccine eliciting sin-
gle Gag,y 5,6 epitope-specific CTL responses. A plasmid DNA
(pGag,p;.216-EGFP-N1) and an SeV (SeV-Gagy,.514-EGFP) vec-
tor, both expressing an SIVmac239 Gag,,,_,,,-EGFP fusion pro-
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FIG 3 Plasma viral loads after SIVmac239 challenge. The plasma viral loads in group I, group 11, group 111, and group IV animals were determined as described
previously (21). The lower limit of detection was approximately 4 X 102 copies/ml. (A) Changes in plasma viral loads (SIV gag RNA copies/ml plasma) after
challenge. (B) Changes in geometric means of plasma viral loads after challenge. Groups II and III (but not group IV) showed significantly lower set point viral
loads than group I (P = 0.0390 between groups I and II, P = 0.0404 between groups I and III, and P > 0.05 between groups I and IV at week 25 by one-way
ANOVA and Tukey-Kramer’s multiple-comparison test).
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CTL Immunodominance and Cooperation for SIV Control
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FIG 4 Gagys 26-specificand Gag,,, ,4o-specific CTL responses after SIVmac239 challenge. CTL responses at week 2 (A), week 6 (B), and week 12 (C) are shown.
In the graphs on the left, Gag,e.,6-specific (open boxes), Gag,, ,49-specific (closed boxes), and Gag,g;._35,-specific (striped boxes) CD8* T-cell frequencies in
group IV macaques are shown. On the right, Gag,,_»,¢-specific (open circles) and Gag,,, _,46-specific (closed circles) CD8* T-cell frequencies in group I (black),
11 (green), I1I (blue), and IV (red) macaques are shown. The bars indicate the geometric mean of each group. Samples from macaques I-1, 1-6, II-1, and I1-3 at
week 2; macaques I-1, 1-2, I-6, and 11-5 at week 6; and macaques I-1 and 11-5 at week 12 were unavailable for this analysis. Statistical analyses among four groups
at week 12 revealed significant differences in Gag,, ,4¢-specific CTL levels (I and 111, P < 0.0001; I and II, and Il and IV, P < 0.01; L and IV, Il and I1I, and Il and
IV, P > 0.05 by one-way ANOVA and Tukey-Kramer's multiple-comparison test) but not in Gag,4.,,6-specific CTL levels (P > 0.05 by one-way ANOVA).

tein, were used for the vaccination (Fig. 1). We confirmed
Gag,s.216-specific CTL responses 1 week after SeV-Gag,g, 5,6-
EGFP boost in all five animals (Fig. 2A). As expected, no
Gag,,;.240-specific CTL responses were detected in these animals.
No Gag,g,.5;6-specific CD4 ™ T-cell responses were detected in the
animals except for one (IV-5) showing marginal levels of re-
sponses (data not shown).

Plasma viral loads after SIV challenge. We compared these
five animals (referred to as group IV) with other groups (I, II, and
I11) of 90-120-Ia-positive macaques reported previously (Table 1).
Group I animals (n = 6) received no vaccination, group II (n = 5)
received a DNA-prime/SeV-boost vaccine eliciting whole
Gag-specific CTL responses, and group III (n = 6) received a DNA-
prime/SeV-boost vaccine eliciting single Gag,,, ., epitope-
specific CTL responses. Both Gag,,_,)¢-specific and Gag, 4, »49-
specific CTL responses were detectable after SeV-Gag boost in
four of five group IT animals except for one animal (I1-3), in which

January 2012 Volume 86 MNumber 2

Gagpe.016-specific, but not Gag,,, ,4e-specific, CTL responses
were detected. In all group III animals, Gag,,,_,4e-specific CTL
responses were confirmed, while no Gag,y_,,¢-specific CTL re-
sponses were detected after SeV-Gag, ¢ ,5,-EGFP boost (Fig. 2B).

After SIVmac239 challenge, all animals were infected and
showed plasma viremia during the acute phase. Plasma viremia
was maintained in five of six unvaccinated animals in group I but
became undetectable in one animal (I-2) at week 12. In contrast,
all animals in groups II and IIT contained SIV replication with
significantly reduced plasma viralloads compared to group I at the
set point. In group IV, however, vaccine efficacy was not so clear;
while three out of five animals contained SIV replication, the re-
maining two (IV-2 and IV-3) failed to control viral replication
with persistent plasma viremia (Fig. 3).

Gag-specific CTL responses after SIV challenge. We then
measured Gag,s.0,6-specific and Gag,,, ,40-specific CTL re-
sponses after SIVmac239 challenge by detection of peptide-
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FIG 5 Comparison of Gagye.,6-specific or Gag,,, ,4o-specific CTL re-
sponses in noncontrollers and controllers at week 12. (A) Gag,e.5,6-5pecific
CD8* T-cell frequencies in noncontrollers (NC; closed circles) and controllers
(C; open circles). (B) Gag,,,_,4o-specific CD8* T-cell frequencies in noncon-
trollers and controllers. Gag,,,_;4o-specific CTL levels in controllers were sig-
nificantly higher than those in noncontrollers (P = 0.0034 by Mann-Whitney
test). The bars indicate the geometric mean of each group. Data on a noncon-
troller (I-1) and a controller (1I-5) were unavailable.

specific IFN-vy induction. At week 2 (Fig. 4A), most animals in
groups I and II elicited both Gag,,.5;6-specific and Gag,y; 540+
specific CTL responses, whereas group III animals induced
Gagyy;.249-specific CTL responses dominantly. Remarkably, all
animals in group IV showed efficient Gag,¢_,,6-specific CTL re-
sponses without detectable Gag,,, ,4o-specific CTL responses at
week 2. These results indicate dominant Gag,_,,-specific CTL
responses with delayed induction of Gag,,, ,4e-specific CTL re-
sponses postchallenge in group IV animals with prophylactic
Gag,e.216-specific CTL induction, and vice versa in group III an-
imals.

Atweek 6 (Fig. 4B), efficient Gag, .-, 4-specific and Gag,; 540+
specific CTL responses were observed in all vaccinated animals in
groups II, IT], and IV, but not in group 1. Gag,.,,-specific and
Gag,,,_,40-specific CTL responses were induced equivalently even
in groups III and IV. We also examined subdominant Gag,-_54,
epitope-specific CTL responses, which were undetectable at week
2 but became detectable at week 6 in most group IV animals (Fig.
4, graphs on left). At week 12 (Fig. 4C), however, different CTL
immunodominance patterns were observed among the groups.
Gag,,,.240-specific CTL levels were higher than Gag,,.,,¢-specific
levels in groups II and III but were reduced in groups I and IV.
Interestingly, comparison between the animals with persistent
viremia (referred to as noncontrollers) and those controlling SIV
replication (referred to as controllers) revealed significant differ-
ences in Gag,,, ,4e-specific CTL levels, but not in Gag,s.5,6-
specific levels, at week 12 (P = 0.0034 by Mann-Whitney test)
(Fig. 5).

Selection of a CTL escape mutation. Next, we examined viral
genome gag sequences at weeks 5 and 12 after challenge to deter-
mine whether CTL escape mutations were selected in these ani-
mals (Table 2). At week 5, a mutation leading to an L-to-S substi-
tution at the 216th residue in Gag (L216S) was selected in all the

742 jviasm.org

group II animals. This GagL216S change results in escape from
Gag, 4.5, 6-specific CTL recognition, as described previously (21).
All the group IV animals with Gag,e.5,6-specific CTL induction
also showed rapid selection of this CTL escape mutation at week 5.
Analysis at week 3 found the GagL216S mutation dominant in two
(II-2 and II-5) group ITand two (IV-1 and IV-3) group IV animals
(data not shown). However, animals in group III showed no gag
mutations at week 5, except for one animal (III-5) selecting a
mutation leading to an L-to-F substitution at the 216th residue.
Later, at week 12, the Gag,4_,,s-specific CTL escape mutation,
GagL216S, was selected even in group III animals. No animals
showed mutations around the Gag,,, 4o epitope-coding region
even at week 12. These results indicate that selection of this
Gag,6.216-specific CTL escape mutation may be accelerated by
prophylactic vaccination inducing Gagyge.o,6-specific CTL re-
sponses. On the other hand, in group III animals with single
Gag,,;..40 epitope-specific CTL induction, selection of a
Gag,o.016-specific CTL escape mutation was delayed but was ob-
served before selection of a Gag,,,_,4-specific CTL escape muta-
tion, suggesting strong selective pressure by delayed Gag,ys.»,6-
specific CTL responses after SIV challenge.

In order to see the effect of rapid selection of the Gag,y_,,6-
specific CTL escape mutation on SIV control, we compared
plasma viral loads at weeks 3 and 5 between groups II and IV
(referred to as group I1+1V) with rapid selection of the GagL216S

TABLE 2 Selection of a CTL escape mutation

Amino acid change for Gag residues”

Group Macaque ID 206-216 241-249
Wk 5 Wk 12 Wk 5 Wk 12
1 I-1 None ND None ND
[-24 None L2165 None None
I-3 None L2165 None None
1-4 None None None None
I-5 None None None None
I-6 None None None None
II II-1¢ L216S ND None ND
11-2¢ L2165 ND None ND
I1-3% L2165 ND None ND
II-42 L2165 ND None ND
1I-5¢ L2165 ND None ND
111 111-14 None L2168 None None
I11-22 None L2165 None None
1I1-32 None NA None NA
1I1-42 None NA None NA
111-52 L216F L2165 None None
111-6° None L216S None None
v IV-1¢ L216S L2168 None None
Iv-2 L2165 L2165 None None
Iv-3 L216S L2168 None None
IV-42 L2165 L2165 None None
V-5 L216S NA None NA

2 Animals that controlled SIV replication at week 12 (controllers).

b Plasma viral gag genome mutations were examined at weeks 5 and 12. Amino acid
substitutions in Gagapg.216 and Gagay; .49 epitope regions are shown. L2165 results in
viral escape from Gagps.214-5pecific CTL recognition. It remains undetermined
whether L216F results in CTL escape. ND, not determined; NA, not determined
because Gag fragments were unable to be amplified from plasma RNA.
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FIG 6 Comparison of plasma viral loads at weeks 3 and 5 among four groups. (A) Plasma viral loads at week 3 in group 1, I, 111, and IV animals. (B) Plasma viral
loads at week 5 in group I, 1L, I1I, and IV animals. (C) Comparison of ratios of plasma viral loads at week 5 to week 3 in group I1+1V animals and group 11l animals.
The ratios in group I1I were significantly lower than those in group II+1V (P = 0.0030 by Mann-Whitney test). The bars indicate the geometric mean of each

group. (D) Scatter plots between plasma viral loads at weeks 3 and 5 in group 11,

mutation and group III without the mutation at week 5 (Fig. 6).
Ratios of plasma viral loads at week 5 to week 3 in group III were
significantly lower than those in group II+IV (P = 0.0030 by
Mann-Whitney test) (Fig. 6C). To confirm this result, we exam-
ined the difference in week 3 viral loads between groups III and
II+1V by ANCOVA, with week 5 viral loads as a covariate. This
analysis revealed that week 3 viral loads controlled for by week 5
viral loads were significantly higher in group III than those in
group II+1V (Fig. 6D and Table 3); i.e., the decline in viral loads
from week 3 to week 5 was significantly sharper in group III than
in group I1+1V, possibly reflecting viral escape from suppressive
pressure by Gagy 5, 6-specific CTL responses in the latter group
during this period (from week 3 to week 5).

111, and IV animals.

DISCUSSION
In the present study, we analyzed the impact of vaccination induc-
ing single Gag,.,,6 epitope-specific CTL memory on postchal-
lenge CTL responses and SIV control in 90-120-Ia-positive ma-
caques and then compared the results with those of vaccination
inducing single Gag,,; ;49 epitope-specific CTL responses. Our
results indicate that these prophylactic vaccinations result in dif-
ferent patterns of Gagse.»;4-specific and Gag,,,.4o-specific CTL
immunodominance and cooperation after STVmac239 challenge.
Unvaccinated 90-120-Ia-positive macaques (group I) showed
both Gag,.,,6-specific and Gag,,, ,4-specific CTL responses af-
ter SIV challenge. In group IV animals with prophylactic induc-

TABLE 3 ANCOVA on week 3 viral loads with week 5 viral loads as a covariate between groups III and II+IV

ANOVA Parameter S84 dft MS¢ F P value
Homogeneity of slopes of regression Group X slope 0.304 1 0.304 2.099 0.173
Residual 1.735 12 0.145
Total 2.038 13 0.157
Difference in week 3 viral loads with week 5 viral loads Effect and group 1.106 1 1.106 7.052 0.020
as a covariate between groups Il and II+1V Residual 2.038 13 0.157
Total 3.144 14 0.225

@ 85, sum of squares.
b df, degrees of freedom.
© MS, mean squares.
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